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Abstract: Synthesis of n-type organic semiconductors is challenging as reduced states are difficult to obtain due to their 
instability in air. Here, we report tailoring of semiconducting behavior through control of surfactant concentration during 
synthesis of poly(3,4-ethylenedioxythiophene) (PEDOT) nanoparticles. Nanoparticles were synthesized by mini-emulsion 
polymerization, where stable suspensions were used to produce polymer films by a simple casting technique on polyethylene 
terephthalate (PET) substrates. Electrical conductivity and Seebeck coefficients were measured as a function of surfactant 
concentration. It was found that conductivity decreases three orders of magnitude as surfactant concentration increased, and 
remarkably the Seebeck coefficient switched from p-type to n-type. To further elucidate this finding, doping effects were 
studied by Raman, ultraviolet-visible (UV-Vis) and electron spin resonance (EPR) spectroscopies. Finally, a thermoelectric 
module was developed using the n-type PEDOT synthesized in this work and  a standard p-type PEDOT:PSS.
Introduction
To build a thermoelectric device, both n-type and p-type 
materials are required. However, n-type doping is 
especially complex in organic semiconductors. Doping 
mechanisms involve reduction states that are not stable in 
air.1-3 Therefore, there is currently major scientific interest 
in the search for a stable n-type conducting polymer for the 
manufacture of thermoelectric modules. 2Intrinsically 
conducting polymers (ICPs) are attracting widespread 
attention due to their promise in organic light-emitting 
diodes (OLEDs),4-5 organic solar cells (OSC),6-7 
supercapacitors,8-11 and thermoelectric devices.12-13 they 
exhibit several desirable properties, including flexibility, 
low cost, ease of chemical modification and flexible 
processing, which render them a viable alternative to 
inorganic semiconductors.14-16 Thin ICP films are being used 
as coatings also for corrosion protection,17 as 
electromagnetic shields,18 radar absorbers,19 sensors20-21 
and polymeric actuators.22 With an ever increasing amount 
of scientific studies dedicated to these topics in recent 
years.23
Conducting polymers transfer electrons via conjugated π-
bonds along their chains. Electrons may be added (n-
doping) or removed (p-doping) from the polymer chain, 
creating free carriers called polarons and/or bi-polarons.24 
Controlling the doping level through the use of reductants25-
26 or by electrochemical de-doping27 is critical to maximize 
the performance of thermoelectric materials. The 
thermoelectric efficiency is expressed in terms of the 
dimensionless figure of merit (ZT), where ZT=S2T/κ,  is 
the electrical conductivity, T is the absolute temperature, S 
is the Seebeck coefficient and κ is the thermal conductivity. 
The maximum thermoelectric efficiency is obtained when 
doping levels are optimized to produce the maximum 
power factor (=S2 and the minimum thermal conductivity. 
Generally, electrical conductivity increases when the 
Seebeck coefficient decreases.13, 25, 27.21-22 While it is known 
that nanostructuration of a material improves the Seebeck 
coefficient by phonon scattering  which reduces thermal 
conductivity24 28-29. 
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Conducting polymers are produced via electrochemical 
polymerization, photo-polymerization by irradiating the 
precursor, and chemical polymerization of the monomer in 
the presence of an oxidizing agent16.23 Whilst miniemulsion 
polymerization is utilized to obtain polymer nanoparticles 
within stable water suspensions30 and it allows ease of 
functionalization of the nanoparticle surface during 
synthesis.31-32 In addition, it is possible to dope the 
conductive polymer with oxidants, such as iron(III) p-
toluenesulfonate, ammonium persulfate, and iron(III) 
oxide.33 Furthermore, suspensions of conducting polymer 
nanoparticles can be used for the preparation of thin film 
coatings by techniques such as drop-casting, spin coating, 
and layer-by-layer dip coating for several high end 
applications,16 including electrodes in supercapacitors, 
batteries34 and solar cells.35
Up to now, only p-type conducting polymers have 
exhibited good thermoelectric performance due to their 
high conductivity (over 1000 S/cm) and high stability with 
a  ZT around 0.2-0.4. 36 13 26 For n-type conducting polymers 
the situation in terms of thermoelectric efficiency is 
completely different. Factors such as:  low n-doping 
efficiency which restricts the charge carrier density, low 
charge carrier mobilities after doping, which directly limit 
intra- and inter-chain charge transport and poor air 
stabilities, decrease their electrical conductivity and 
therefore their thermoelectric efficiency.37  Only a few 
polymers such as: 
poly{N,N′-bis(2-octyl-dodecyl)-1,4,5,8-napthalenedicarbox
imide-2,6-diyl]-alt-5,5′-(2,2′-bithiophene) (P(NDIOD-T2) 
doped by dihydro-1H-benz imidazol-2-yl (N-DBI) 
derivatives (PF 0.6 µW/mK2)38, or BDPPV, ClBDPPV, and 
FBDPPV   doped with N-DMBI 39 ( PF up to 28 µW/mK2) 
highlight over the rest in terms of thermoelectric 
performance. For n-type polymer nanocomposites the 
situation is more promising with PFs around 200 µW/mK2 
for polyethyleneimine (PEI)/CNTs the predominant 
material. 40 41 36 
Here, we show for the first time an n-type behaviour in 
PEDOT films prepared from nanoparticles. Semiconducting 
can be easily switched from p to n-type by tailoring 
surfactant concentrations. These nanoparticle suspensions 
are stable for several months. 
Materials and Methods 
Materials. PEDOT:PSS (conductive grade) 3,4-
Ethylenedioxythiophene (EDOT, 97%), iron(III) p-
toluenesulfonate hexahydrate (FeTos, 98%), and 
dodecyltrimethylammonium bromide (DTAB, 98 %,) were 
purchased from Sigma-Aldrich and used as received.
Synthesis of PEDOT nanoparticles and films. Synthesis 
was carried out via chemical oxidation polymerization in a 
miniemulsion using a cationic surfactant (DTAB). Table 1 
summarizes reactants and compositions used. DTAB was 
dissolved in 40 mL of ultra-pure water. Then, 0.2 mL of 
EDOT was added to the cationic surfactant solution and the 
mixture was magnetically stirred for 10 min. The mixture 
was then sonicated using a Branson 450-D sonifier with 
70% of amplitude in pulsed mode (90% of the nominal 
power of the equipment, ½ inch tip) for 5 min, while cooled 
in an ice-water bath. After this process, a white 
miniemulsion was obtained. This miniemulsion was 
transferred to a reaction flask and placed in an oil bath 
thermostated at 45 °C. Finally, 25 mL of FeTos solution was 
added to the reaction flask, leaving the polymerization to 
proceed for 24 hours under constant stirring.
The obtained PEDOT nanoparticles were purified by 
centrifugation at 8000 rpm for 20 minutes. The resulting 
powder was re-dispersed in 40 mL of ultra-pure water as 
follows: the nanoparticle dispersion was sonicated for 30 
min in an ultrasound bath, then 20 min in a Branson 450-D 
sonifier (70% of the nominal power of the equipment, ½ 
inch tip), and finally 20 min in an ultrasound bath again.
The influence of DTAB concentration was studied by 
variation from 0.0035 M to 0.214 M (see experimental 
details in Table 1).
After obtaining a stable PEDOT suspension, thin films were 
prepared by a simple casting method (see Figure 1). Firstly, 
PET substrates were bath-sonicated in ethanol for 5 min, 
then dried at 60 °C overnight, and cooled down to room 
temperature. Subsequently, the PEDOT dispersion was cast 
onto PET substrates. After water evaporation at 25 °C under 
vacuum overnight, homogeneous thin films of about 2 μm 
thick were obtained (see Table S2). 
Thermoelectric module manufacture
The thermoelectric device was produced using PEDOT:PSS 
and PEDOT:DTAB synthetized with optimized levels of of 
DTAB (0.035 M). Five strips of each polymer were cast as 
described previously.  The resulting polymer strips were 
electrically connected using silver paste. 
Figure 1. Scheme of thin film preparation by casting.
Table 1. Reactants used to study DTAB influence on PEDOT polymerization with molar ratio EDOT:FeTos of 1:1 .
Molar ratio EDOT:Fe-Tos 1:1
Reactants Amounts
DTAB (M) 0.0035 0.0071 0.0178 0.0357 0.05354 0.0714 0.1071 0.1428 0.2141
EDOT (mL) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Fe-Tos (M) 2.8 · 10-2 2.8 · 10-2 2.8 · 10-2 2.8 · 10-2 2.8 · 10-2 2.8 · 10-2 2.8 · 10-2 2.8 · 10-2 2.8 · 10-2
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Characterization. Transmission electron microscopy 
(TEM) (JEOL JEM-1010) operating at 100 kV equipped with 
a digital camera (MegaView III). The particle size was 
statistically analyzed from TEM images by measuring a 
minimum of 100 particles utilisng Image J software.42 
Scanning electron microscopy (SEM) images were captured 
with a HITACHI S-4800 microscope operated at 1kV. 
The electrical conductivity (σ) was determined with a 
custom-built device using the van der Pauw method, using 
four contacts to eliminate the effect of contact resistance. A 
Keithley 2400 power supply was used as a power source. 
Two resistance values, R1 and R2, were measured by 
introducing current between two lateral contacts and 
measuring the voltage in the parallel contacts located at the 
other side of the sample. With conductivity measured by 
solving the van der Pauw equation (1):43
𝒆 ―𝝅 𝒅 𝝈 𝑹𝟏 + 𝒆 ―𝝅 𝒅 𝝈 𝑹𝟐 = 𝟏 (1)
where d is the sample thickness (measured by using a 
Veeco Dektak stylus profilometer).
For the Seebeck effect measurements, a second custom 
built device was ustilised. The experimental setup consisted 
of two copper blocks, one heated by resistance heating and 
the other cooled by water. The sample is placed between 
these two blocks. A linear temperature gradient is created 
along the sample and the resulting voltage at the two ends 
is recorded. Measurements were carried out at room 
temperature applying a ΔT of 10 K The Seebeck coefficient 
is determined as the ratio between the electrical potential, 






The temperatures at the ends of the sample are controlled 
by means of a Lakeshore 340 temperature controller using 
calibrated PT100 resistors. The temperatures were varied 
to check the linearity of the Seebeck coefficient (S is the 
slope of V(T)). To record the electric potential, a Keithley 
2750 multimeter switching system was employed. Both 
instruments were coupled using Labview software.
The film thickness was measured with an optical 
profilometer (Dektak 150). Reported values are an average 
of at least five measurements per film. Raman scattering 
measurements were performed at room temperature in 
backscattering configuration using a Jobin Yvon T64000 
spectrometer equipped with a liquid-nitrogen-cooled open 
electrode charge-coupled device (OECCD camera). The 
excitation line of 514.53 nm was provided by an Ar/Kr laser 
focused on the sample using a 100× microscope objective 
with a numerical aperture (NA) = 0.90 (Olympus). This 
setup focuses the light on an area of around 10 μm on the 
sample. Special care was taken to avoid sample heating 
during experiments, with power down to a few microwatts 
in the total area. Ultraviolet-visible spectroscopy 
measurements were performed with a Shimadzu UV-
2501PC spectrophotometer covering the range from 1000 
to 300 nm utilizing Quartz cells. EPR spectroscopy (Model 
Bruker ELEXYS E580) was measured in thin films at room 
temperature using pulsed X band.
Results and discussion
The morphology of PEDOT nanoparticles obtained by 
miniemulsion polymerization were studied by TEM. All 
nanoparticles presented flaked morphology, regardless of 
the amount of DTAB employed during the synthesis. This 
observation can be explained by the fact that during 
polymerization, Fe3+ ions surround the EDOT droplets, 
which are subsequently stabilized by DTAB. The 
electrostatic repulsion between the positive charge from 
DTAB and Fe3+ ions leads to a decrease in the 
polymerization rate of EDOT and therefore irregular 
nanoparticle morphologies occur.  Additional TEM images 
Figure 2. TEM images of PEDOT nanoparticles with a molar ratio EDOT:FeTos 1:1 using: (a) 0.0035 M, (b) 0.035 
M, (d) 0.071 M and (e) 0.214 M of DTAB. . SEM-cross section of PEDOT nanoparticles thin films: (c) 0.0035 M and 
(f) 0.035 M.
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are shown in the supporting information (see Figure S1) for 
PEDOT nanoparticles obtained from the synthesis using 
DTAB as surfactant with molar ratio EDOT:FeTos 1:2. In this 
case, the aggregation level is higher compared to the 
nanoparticles obtained at molar ratio 1:1, because the 
oxidant content is higher. All nanoparticle suspensions 
were stable. However, suspensions prepared at a DTAB 
concentration of 0.0035 M display
 instabilities after a couple of days, after the re-dispersion 
process, while all the other dispersions were stable for long 
periods of time (weeks).
 To evaluate the potential application of these PEDOT 
nanoparticles in coatings for thermoelectric applications, 
thin films were prepared by casting suspensions on PET 
substrates. SEM micrographs of cross-sections of 
representative films prepared from the nanoparticle 
dispersions are shown in Figures 2 (c) and (f). 
Figure 3. Electrical conductivity and Seebeck coefficient 
of PEDOT film as a function of DTAB concentration 
using a molar ratio EDOT:FeTos 
Electrical conductivity and Seebeck coefficient values are 
shown in Figure 3 for the molar ratio EDOT:FeTos 1:1, 
(additional measurements are shown in Figure S3 for the 
molar ratio EDOT:FeTos 1:2). Electrical conductivity 
decreases as the DTAB concentration increases. This is 
presumably due to the DTAB stabilisation of the EDOT 
droplet in the miniemulsion, therefore this droplet carries a 
positive charge due to the presence of the surfactant 
(DTAB) at the interface. As the oxidant (Fe3+) is also 
positively charged, there is an electrostatic repulsion 
between the surfactant and oxidant, and this inhibits the 
Fe3+ interaction with the EDOT droplets, with the 
consequence that the oxidation polymerization is inhibited 
and finally terminated as the DTAB concentration increases 
(see figure 4).
The Seebeck coefficient of these materials is unusual. For 
example, for PEDOT nanoparticles at molar ratio 
EDOT:FeTos 1:1, the Seebeck coefficient is positive, 22 
mV/K, at a DTAB concentration of 0.0035 M. However, 
when the concentration of DTAB increases to 0.035 M, the 
Seebeck coefficient switches to negative values, indicating a 
strong change in the semiconducting behaviour to an n-type 
semiconductor, as shown in Figure 3. As the surfactant 
concentration increases further, the Seebeck coefficient 
decreases to low values. A similar trend was observed for 
the case of PEDOT nanoparticles at the molar ratio 
EDOT:FeTos 1:2 (see supporting information figure S2).
The Seebeck coefficient was approximately 20 µV/K at a 
surfactant concentration of 0.0035 M, a typical value for 
highly doped PEDOT.22, 33 However, at a higher surfactant 
concentration of 0.035 M,  the switch occurs to n-type 
behavior with a Seebeck coefficient of -12 µV/K. When the 
concentration of surfactant reaches 0.071 M, the highest n-
type Seebeck coefficient of approximately -21 µV/K, is 
achieved. At higher surfactant concentrations (0.1 M) the 
Seebeck coefficient decreases due to the inhibition of EDOT 
polymerization which results in a decay of both electrical 
conductivity and Seebeck coefficient.  It is possible to 
estimate  the ZT range using thermal conductivity values 
from PEDOT measurements in other report ( 0.2-1.0 
W/mK).44 Thus the ZT rage could be between 2·10-6-
1.04·10-5 for p-type and between 1.75·10-7-9·10-7 for n-type 
nanoparticles.
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In previous work, we have reported a similar procedure 
to synthesize PEDOT nanoparticles with p-type behaviour 
using Lutensol AT50 as a surfactant.33 The reaction 
conditions were the same but n-type behavior was not 
observed. Normally for oxidation polymerization of PEDOT 
electrons are removed from the polymer generating holes. 
The n-type behaviour in these materials may be explained 
by the stabilization of an intermediate oxidation state which 
promotes n-type conduction rather than p-type.
Figures 5 show the Raman spectra of films prepared from 
PEDOT nanoparticles synthesized with a molar ratio of 
EDOT:FeTos 1:1. The Raman intensity between the samples 
is very similar indicating a higher  presence of neutrally 
charged p-bonds in comparison to the oxidized state of the 
conjugated π-system (polarons and bipolarons) typical for 
medium doped PEDOT. Interestingly, the sample with 0.071 
M of DTAB surfactant presents a lower intensity than the 
other samples, due to an electronic alteration in the p-bond 
conjugated system. This electronic alteration is attributed 
to a higher ratio of polaronic states/neutral p-bonds 
compared to the nanoparticles synthetized with 0.0035M 
and 0.035 M surfactant where the conjugated π-system is 
longer due to higher degrees of polymerization. In other 
words, although the oxidation power is higher at lower 
surfactant concentrations so is the polymerization degree 
and therefore a greater length of conjugated π-bonds chains 
are present. However, at 0.071 M of surfactant the 
polymerization degree is decreased (shorter chain of π-
bonds) but the oxidation power is now capable of producing 
polarons changing the oxidation state and increasing the 
ratio of polaronic states in comparison to neutral p-bonds. 
For high concentrations of surfactant (0.2 M) the oxidation 
degree is not strong enough to produce doped states (only 
conjugated p-bonds are present) therefore the Raman 
intensity increases.  










 0.0035 M DTAB
 0.035 M DTAB
 0.071 M DTAB
 0.214 M DTAB
Figure 5. Raman spectra of PEDOT film as a 
function of DTAB concentration using a molar ratio 
EDOT:FeTos 1:1.
For samples with a molar ratio 1:2 as shown in figure S4,  
results follow the same trend. However, the particles 
synthesized at 0.0035 M of surfactant present the lowest 
Raman intensity, indicating high doping levels of PEDOT. 
This is due to the increased iron content in the solution.
Figures 6 shows the UV-Vis spectra of PEDOT 
nanoparticles synthesized with molar ratio EDOT:FeTos 
1:1. The PEDOT nanoparticles synthesized with 0.214 M 
surfactant show higher absorption in the region between 
500-600 nm corresponding with the electronic transition of 
the electrons in the neutral p-bonds, and they exhibit low 
doping levels compared with the remaining samples.
Figure 6. UV-Vis spectra of PEDOT film as a function of 
DTAB concentration using a molar ratio  EDOT:FeTos 
1:1 .
For the lowest concentration of  surfactant (0.0035 M) the 
maximum absorption is located in the range of 800-1000 
nm, which is characteristic for bipolaronic states, indicating 
that these states are the predominant oxidation form and 
are responsible for electric transport  in PEDOT chains. For 
samples that show n-type behavior (0.035 M and 0.071M) 
the maximum absorption is shifted to lower wavelengths, 
820 nm and 780 nm for the PEDOT nanoparticles prepared 
using 0.035 M and 0.071 M of surfactant, respectively. 
Results suggest that the predominant oxidation state are 
polarons, and this agrees with  recent studies on absorption 
spectroscopy of polaronic and bipolaronic states of PEDOT 
45. Thus there is clear relationship between the surfactant 
concentration and  the doping level of the PEDOT 
nanoparticles. In addition, the energy levels of the HOMO 
and LUMO orbitals (estimated by cyclic voltammetry 
measurements 464748)  are affected as shown the Figure S7 
(c) in the supporting information.  Overall, there is a clear 
relationship between the polaronic states and the n-type 




















Page 5 of 9
ACS Paragon Plus Environment






























































Figure 7. EPR spectra of PEDOT films as a function of 
DTAB concentration using a molar ratio  EDOT:FeTos 
1:1 .
Figure 7  shows electron paramagnetic resonance (EPR) 
results for PEDOT films (molar ratio EDOT:FeTos 1:1 The 
decrease of the EPR signal at surfactant concentrations of 
0.0035 M is attributed to the presence of bipolarons, double 
charge carriers with zero spin that are not detectable by 
EPR.49-50 PEDOT nanoparticles in this state display 
maximum values for electrical conductivity (see Figure 3). 
For 1:1  molar ratios of EDOT:FeTos at 0.035 M surfactant, 
the EPR  signal increases indicating a change from bipolaron 
to polaron conduction with a corresponding reduction in 
electrical conductivity. A similar trend has been observed 
for 1:2 molar ratio EDOT:FeTos as shown in Figure S6. The 
EPR signal increases for samples prepared with 0.035 M 
and 0.071 M surfactant due to the transition from bipolaron 
to polaron conduction which follows the pattern as 
explained above. 
Figure 8. Voltage as a function of the temperature for 
PEDOT:PSS , PEDOT DTAB and TE module.
Figure 8 shows the results of a proof of concept 
thermoelectric module developed to show the potential of 
these materials as n-type conducting polymers for 
thermoelectric devices. A standard well established 
PEDOT:PSS was used as p-type material.  The 
thermoelectric module was built consisting of five 
PEDOT:PSS strips coupled  with five PEDOT:DTAB strips 
prepared with a molar ratio EDOT/FeTos 1:1 and DTAB 
concentration of 0.071M. All the strips were electrically 
connected. With the voltage plotted as a function of 
temperature clearly showing an increase by a factor 10 due 
to the combined thermoelectric effect of the PEDOT strips, 
with both strips displaying n-type behavior and p-type 
behavior. This represents strong evidence of the n-type 
behavior of PEDOT:DTAB nanoparticles. In addition, the 
values of negative Seebeck coefficient remain in the same 
order as a function of time forseveral months which 
highlights the stability of these materials in air. 
Conclusions
PEDOT nanoparticles have been synthesized using 
oxidative polymerization in a miniemulsion in the presence 
of DTAB as a surfactant. The morphology of the 
nanoparticles is dependent on the concentration of 
surfactant and the reducing agent FeTos. Electrical 
conductivity of the subsequently produced films decreases 
as a function of surfactant concentration and this is 
attributed to the positive charge on the surfactant, which is 
postulated to inhibit the polymerization of PEDOT through 
electrostatic repulsion of the positively charged oxidant 
FeTos. In addition, we observe a switch from p- to n-type 
behaviour, which is influenced by the surfactant 
concentration utilized during synthesis. The n-type 
behaviour in these materials is attributed to the 
stabilization of an intermediate oxidation state which 
promotes n-type conduction. This implies that electronic 
states involved in charge transfer mechanisms can be 
tailored during synthesis of PEDOT nanoparticles.  
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EDOT, 3,4-ethylenedioxythiophene; PEDOT, poly (3,4-
ethylenedioxythiophene); FeTos, iron(III) p-toluenesulfonate 
hexahydrate; DTAB, dodecyltrimethylammonium bromide; 
TEM, transmission electron microscopy; SEM, scanning 
electron microscopy; EPR, electron paramagnetic resonance.
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